Crown diameter and tree density were measured in 52 communities in the Sudan-Sahel using satellite imagery to determine the relationships between rainfall and distance from community center to crown size diameter and tree density. As distance from the community center increased, tree density and crown diameter decreased. As rainfall increased, tree density decreased while crown diameter increased. Distance from the community center is a proxy for age since urbanization and our results indicate that older parts of communities show longer and more consistent tree management. The trends in patterns of tree distribution and size in communities are different from those in natural woodlands.
Introduction
Our objective was to determine the tree distribution patterns in village, town and small-city environments in the Sudan-Sahel of Africa and to determine if these patterns are consistent with intentional management of trees by local residents. For brevity in the remainder of the paper we use the term "Sahel" to include the Sahel, Sudanian Savanna, and northern part of the Guinean Savanna ecological zones, roughly 400 mm to 1300 mm annual rainfall [1] and the word "community" to OPEN ACCESS describe the densely populated "urban" settlements in the study. Within communities trees may be used for shade, as meeting places, for the production of food or medicine within home gardens, and for many broader environmental services [2, 3] . While our study could not determine specific uses of individual trees, we hypothesized that the combination of these uses would lead to patterns within communities that are consistent with human care and management of trees, whether these trees are originally present, naturally regenerated or planted. These patterns can be rapidly assessed using satellite imagery.
The Sahel has been undergoing demographic and land-use change which has led to the expansion villages, towns, and cities [4] [5] [6] [7] . We hypothesize that trees will be larger and found in greater numbers in older parts of the communities. This would be consistent with value and care of trees in an area where population and community size are expanding. Our hypotheses follow from von Thunen's model of concentric patterns of land use with decreasing value for each land use as one moves away from the city center. The urban center will be the most valuable land use, followed by residential use, and then agricultural use. As the total population of a community increases each circle expands outwards so that distance from the city center is a proxy for age; more distant points have been in the current land use for a shorter time period [8, 9] .
Local use of trees has been widely investigated throughout our study region. Most of these studies have focused on much smaller regions, frequently several adjacent communities (e.g., [10, 11] ) or on individual species and their uses (e.g., [12, 13] ). Studies of changes in land use often focus on change in the context of expanding agricultural use (e.g., [14, 15] ) or the implications of climate change on land use (e.g., [16, 17] ). The limited number of studies on urban forestry in sub-Saharan Africa, less than 2% of all urban forestry research-with most studies in South Africa [18] , view urban forestry as planned government or development agency undertaking (e.g., [2, 19] ). Our study encompasses a much broader geographic range than most studies, examining general patterns within the "urban" environments of the communities that often have been generated by local residents without apparent outside intervention. Unlike a meta-analysis our methodology is consistent for all communities across the wide geographic range of our study. The results cover a much broader geographic range than most urban African studies and are derived from a large primary data set.
Materials and Methods
The study area was bounded by longitudes from 16°24′W to 22°11′E, and latitudes from 8°57′N to 15°31′N. A random sample of 52 communities with initial estimated population less than 100,000 and with adequate satellite imagery in ten countries was selected (Figure 1 ). For each community we recorded community population and area, mean annual rainfall, latitude and longitude (Table 1) . Population data sources varied and for some communities several sources with different population estimates were available. In those cases we averaged the available values. Annual rainfall for each community was based on data in Ogigirigi [20] . As we could not measure number of stems, trees may include large shrubs, multi-stemmed trees, or trees in very close proximity.
Tree species could not be identified from this data set. Common native trees in our study include species in the Acacia, Combretum, and Isoberlinia genera; Commiphora africana is also common [21, 22] . Exotic species are also widely planted in the study area [23] . Azadirachta indica is a common urban species and non-native woodlot trees including species within the Eucalyptus and Acacia genera can be found planted in communities [22, 23] . Fruit trees such as mango (Mangifera indica) and papaya (Carica papaya) are tended in home compounds and many native species with important food and medicinal uses such as Adansonia digitata, Parkia biglobosa, Vitellaria paradoxa, and Zizyphus mauritania are valued in communities [22] . Tree data along transects were collected from satellite imagery. In each community transects were laid due north, south, east and west of the community center unless a transect would be biased by following a primary route or grid pattern in the community. If necessary, transects were offset 30 degrees to avoid systematic bias from a transportation route or a grid pattern. Twenty-five meter radius plots were laid every 50 m for small communities (populations up to 9999), every 100 m for medium communities (populations between 10,000 and 39,999), and every 150 m for large communities (populations of 40,000 or greater). Tree and plot data and location were collected using satellite imagery and Google Earth technology [25] . Crown diameters (meters) were measured for all trees falling, even partially, within each plot. Crown diameters could be measured using the Google Earth ruler function to 0.5 m but were recorded to the nearest meter. Each plot was assigned one of three land use zones: an urban center, a surrounding residential zone, and the outlying agricultural zone. The urban center included larger commercial buildings and shops. The residential zone included houses or housing compounds. The outlying agricultural zone began where farm fields became the dominant land use. Some smaller communities did not have a visible urban center. Plot measurements were halted after three successive agricultural plots fell beyond the community boundaries. This method generated 2181 plots with 6056 individual trees. The complete data set is available online as supplementary material associated with this paper.
Tests for correlation were used to identify relationships between variables [26] . We primarily investigated relationships between the pairs of variables that tested our primary hypotheses about crown diameter and trees per plot, but we also tested for collinear relationships between all pairs of cardinal variables. An ANOVA test was used to examine the relationship between land use zone and number of trees and crown size. SAS Proc CORR and Proc GLM, SAS version 9.2 (SAS Institute Inc., Cary, NC, USA), was used for the statistical analysis. These methods do not allow inference of cause and effect, only consistency between data and hypotheses.
Results
We broadly hypothesized that people would prefer trees around their property, and that trees were less preferred where they conflicted with agricultural use of the land. This implies that as communities expand in size, the older portions of a community would have older and larger trees. Also, as people had longer time periods to develop their property, they should have more opportunities to plant and maintain trees. Therefore, property closer to the center of a community would have more and larger trees. Community centers might be more densely built and have more commercial property and less residential property. While each landowner's (e.g., household's, tenant's, shopkeeper's, public agency's) plot could have more and larger trees, there might be fewer landowners, especially residential households, per hectare in the community center as residential use is replaced by commercial land use; thus, as a whole, the community center might have fewer trees.
Our model assumes that communities are expanding. We examined the 42 communities (of our total sample of 52 communities) that had two satellite images taken at least 5 years apart. The average annual increase in community perimeter was 1.95%. Larger communities expanded more rapidly than smaller communities, using either perimeter (r 2 = 0.12, p = 0.02) or area (r 2 = 0.11, p = 0.03) as the independent variable with rate of increase as the dependent variable.
Correlations among the variables indicate that the data set is robust and reasonably accurate given the large geographic scope of the study. Annual rainfall is strongly and negatively correlated with latitude (r = −0.709, p < 0.001) as would be expected. Population is also correlated with area (km 2 ) for the communities (r = 0.700, p < 0.001). Both of these correlations are highly significant and what one would expect, indicating that measurements obtained were consistent with each other and with generally agreed upon ecological and geographic relationships.
The average crown diameter in a plot and distance from the center of the community were weakly and negatively correlated (r = −0.199, p < 0.001), suggesting that larger, presumably older, trees are typically found closer to the center of the community. Likewise, the number of trees in a sample plot decreased as one moved away from the community center (r = −0.225, p < 0.001). We also examined this relationship for each of the three zones, eliminating community size as a confounding element. Tree density was highest in the center of a community, decreased somewhat in the surrounding residential zone, and was lowest in the agricultural fields surrounding the communities ( Table 2 ). All differences were statistically significant (F = 4.11, p < 0.001). Crown diameter was also decreasing and significantly different between the urban community center, the residential housing zone, and the agricultural zone (F = 7.76, p < 0.001) ( Table 2) . Since our data were collected in areas which ranged from 400 to 1240 mm average annual rainfall, we also examined the relationship between average annual rainfall on crown size and density to determine if this might influence our results. The number of trees per plot showed no significant correlation (r = 0.017, p = 0.172), however, the mean crown size increased as rainfall decreased (r = −0.088, p < 0.001). The correlation between crown size and rainfall is extremely weak, but is statistically significant. Rainfall seemed to have no apparent impact on tree density within communities while in savannas and dispersed woodlands of the undisturbed environment, within our study area, tree density and size decrease with decreasing rainfall and as one moves north [1] . Decreasing tree density and decreasing tree size, the pattern found in rural and forested areas, does not hold in the modified urban environment of smaller communities in the Sahel.
Discussion
In general, most our hypotheses were consistent with our statistical results, either through tests for correlation or ANOVA tests, with high levels of confidence. The relationships, however, tended to be weak. This is understandable given the wide geographic area, from Chad to the Atlantic Ocean, and the several vegetation zones sampled. Other variables, from government policy regarding natural resource ownership and management, to species characteristics, to technical support for tree planting, or cultural preferences, may also play a substantial role in a landowner's decision to plant or care for trees, whether planted or originating from natural regeneration. Species also vary over the region. Our methods and results do not indicate causality, only that a statistical relationship exists between variables. Yet, over a broad geographical area in semi-arid West Africa we found that our results were consistent with three key ideas:
(1) Tree planting and management are actively pursued in communities. As one moves from older to younger parts of a community the trees are smaller and tree density declines. Beyond the perimeter of the community one finds only agricultural land with few or no trees. Only in Ati, Chad did we find a substantial forested area on the northwestern edge of the urban area. Ati did expand into this area. (2) Crown diameter increases with decreasing rainfall. This correlation is the reverse of crown diameter-rainfall relationship in forests of the region [1] . We believe considerable attention must be paid to the planting or care of trees within communities for the patterns of crown size and tree density relative to rainfall patterns to exist as they do in our study area. (3) Older, more centrally located areas in the community have more trees per unit area, and those trees have larger crown diameters (density and crown diameters decrease with increased distance from the center of the community). This pattern would be consistent with the long-term historical management of trees. Older parts of a community have been established for longer periods of time and those near the edge have recently been converted from nearly treeless farm fields. The older parts of a community would have more and larger trees. Similar patterns of tree characteristics are true for urban areas in the United States [27] [28] [29] .
This study shows only that there exists some consistent relationship between humans and the presence of non-agricultural vegetation in communities of the Sahel. These results warrant continued exploration into this relationship. With a clearer understanding of the relationship and the motivations one could target efforts within these communities in order to expand the many benefits provided by trees within communities of the Sahel. Our data set does not allow us to explain personal motivations for the planting or care of trees. Patterns may vary with climatic zone, cultural values [30] , and personal landowner characteristics. Wealth may be an especially important characteristic for households [30] .
Urban trees provide a wide range of environmental services and can play a substantial role in motivating landowners to plant or maintain trees [30, 31] . Both fruit and shade are common reasons to plant trees [31] , but the general amenity value [32] , soil conservation [2] , carbon management [3] , biodiversity [32] and medicinal uses [2, 33] also are benefits derived from urban tree planting [2] . Community residents in our study area apparently see these benefits and a combination of these benefits results in the planting and care of trees in their communities [2, 33] .
Conclusions
Using satellite imagery it is possible to use a consistent sampling method over a wide area to discern tree pattern in small urban communities. The patterns observed are consistent with care and management of trees in small urban communities in the Sahel. For example, crown diameter in the communities increases as one moves north and rainfall decreases, the reverse of patterns in natural forests. The study does not allow one to infer the specific benefits that motivate individuals to manage and protect trees. Such an understanding would allow targeted urban forestry efforts in the region.
